Bovine leukemia virus (BLV) is a member of the human T-cell leukemia virus (HTLV)/BLV group of retroviruses. These viruses regulate their own transcription by producing Tax, a protein which activates the virus promoter region, the long terminal repeat (LTR). To explore the molecular mechanisms involved in the transactivation, we identified protein binding elements by in vivo footprinting and analyzed their function by sitedirected mutagenesis. We used in vivo dimethyl sulfate footprinting by ligation-mediated PCR to detect constitutive in vivo protein-DNA interactions in a BLV-producing cell line, Bat 2 Cl 6 . The U3 region and part of the R region of the LTR were footprinted. In addition to the cis-acting elements (three cyclic AMP-responsive elements [CREs] and two AP4 sites) reported by others to be important for Tax-mediated activation of the BLV LTR, we found footprints in regions flanking these elements and in the core promoter region. The importance of these sites for transcriptional activation was studied by site-directed mutagenesis followed by promoter function analysis of the mutants with a chloramphenicol acetyltransferase reporter system. Our data corroborate those of others showing that the CREs are necessary for transactivation of the LTR, and they identify two new functional sites not previously reported by others. We show that the middle region of the BLV U3 contains multiple dual-functioning cis-acting elements which act as either positive or negative regulatory elements depending on the cell type tested. This is the first report of a functional mapping of the cis-acting elements of a virus of the HTLV/BLV group.
Bovine leukemia virus (BLV) is the etiologic agent of enzootic bovine leukosis, a disease characterized by persistent lymphocytosis and development of B-cell lymphomas after a long latent period. It also causes chronic lymphocytic leukemia and lymphomas in experimental animals such as sheep and goats (reviewed in reference 24) . BLV is a retrovirus closely related to human T-cell leukemia viruses (HTLV-1 and HTLV-2). Like HTLV, BLV contains a pX region between the env gene and its 3Ј long terminal repeat (LTR), in addition to three genes common to all retroviruses: gag (group-specific antigen), pol (polymerase, endonuclease, and integrase) and env (envelope proteins). One of the proteins encoded in the pX region is p34 Tax (transactivator from the X region), which acts on the 5Ј LTR to stimulate transcription of the BLV genome (9, 10, 25, 44) . p34Tax can also activate some cellular promoters such as c-fos promoter (23) . Expression of BLV in vivo is believed to be regulated by cellular trans-acting factors that bind to the cis-acting elements in the U3 region of the BLV LTR in the presence of p34 Tax (reviewed in reference 24) .
The LTR region of a retrovirus consists of U3, R, and U5 regions. Although the R and U5 regions are essential for virus replication, it is the U3 region that is critical for transcriptional control of a retrovirus (8) . As with HTLV, the BLV U3 region contains three imperfect direct repeats (DRs) of 21 bp (DR1, bp Ϫ163 to Ϫ143; DR2, bp Ϫ138 to Ϫ118; DR3, bp Ϫ63 to Ϫ43), which are called tax-responsive elements (TREs) (9, 25, 44) . In the middle of each 21-bp repeat is an octamer homologous to the core sequence of the cyclic AMP-response element (CRE), each with only a 1-bp difference from the consensus CRE sequence (Fig. 1) . By analyzing the promoter function of deletion mutants, Derse (9) and Katoh et al. (23) found that the three CREs are cis-acting elements important for the responsiveness of the BLV LTR to p34Tax. A few other elements which may also be important in transcription regulation have been identified: an E-box sequence (CAGCTG), which is the binding site for the cellular transcription factor AP4 (the upstream AP4 site [Ϫ151 to Ϫ146] is hereafter designated AP4-1, and the downstream one [Ϫ124 to Ϫ119] is designated AP4-2) (42); a nuclear factor B (NF-B) binding site (6) ; and a glucocorticoid response element (GRE) (29, 45a) (Fig. 1) .
Although p34Tax does not bind DNA directly (1, 44) , it has been shown, by in vitro studies of others, to interact directly with the proteins binding to some of the cis-acting sequences, e.g., members of the CREB/ATF family of bZip proteins which were shown to bind the CRE-like sequences in vitro (4, 25) . p34Tax may also interact with other cellular transcription factors that recognize some of these sequences, such as AP4 and NF-B (6, 42) . For HTLV, it was shown that transactivation of the LTR involves interactions between p40Tax and multiple cellular transcription factors (reviewed in reference 1). Transcription factor CREB functions as either a positive or negative regulator depending on whether it binds to the CRE-like sequences in the U3 region or to a nonconsensus CRE sequence in the R region (46) . It has been reported that both positive and negative regulatory elements are present in the LTR region of other retroviruses such as human immunodeficiency virus, mouse mammary tumor virus, and Rous sarcoma virus, and that cellular regulatory factors that bind to specific sequences in the LTR region of these viruses are responsible for the regulation of viral expression and tissue specificity of these viruses (5, 18, 21, 40, 47) .
BLV is usually nondetectable in vivo in infected lymphocytes or tumor cells (reviewed in reference 24), but nothing is known about how BLV expression is suppressed in vivo. It is obvious that interactions between p34Tax and cellular proteins activate the viral promoter, but whether similar interactions are involved in repressing transcription has not been studied. We sought to clarify these interactions by determining the sites in the U3 region of the BLV at which LTR proteins are bound and whether these proteins function cooperatively with BLV p34Tax to control the expression of BLV by binding to negative regulatory elements (NREs) and/or positive regulatory elements (PREs). First we looked at constitutive in vivo protein-DNA interactions in the U3 region in a virus-producing cell line, Bat 2 Cl 6 . Then we applied site-directed mutagenesis to delete or mutate the individual protein-binding sites we detected (13 of the protein-binding sites and 1 site with no visible footprints were mutated or deleted, and 25 mutants were created). The wild-type and mutant LTRs were cloned into chloramphenicol acetyltransferase (CAT) reporter constructs, and promoter function was analyzed in six cell lines, representing different species and tissue types, by transient gene transfection assays in the presence or absence of Tax.
(iii) Restriction enzyme digestion and ligation reaction. All the restriction enzymes and T4 DNA ligase were purchased from Promega. For restriction enzyme digestion, 1 to 20 g of plasmid DNA was digested at 37°C for 2 h to overnight in the buffer provided by the manufacturer. DNA fragments of interest were purified with a GeneClean kit (Bio 101, La Jolla, Calif.). All the ligation reactions were performed as described by Sambrook et al. (36) . Briefly, 50 to 100 ng of each vector and insert DNA (equimolar) was mixed with 0.2 U of T4 DNA ligase in 10 l of 1ϫ ligation buffer (20 mM Tris HCl [pH 7.7], 5 mM MgCl 2 , 5 mM dithiothreitol, 1 mM ATP) and incubated at 16°C for 3 h. Then 1 to 2 l of the ligation mix was used to transform competent TG1 cells as described above.
(iv) Construction of CAT plasmids. Construction of CAT plasmids was generally done by standard procedures (36) . The whole LTR region of BLV was amplified by PCR with Bat 2 Cl 6 DNA as the template and BLV LTR specific oligonucleotides as primers ( Table 1 ). The LTR PCR product was first cloned into the pGEM-T vector (Promega) in the 5Ј-to-3Ј direction (confirmed by sequencing) as specified by the manufacturer. The LTR DNA was then subcloned into plasmid pBL CAT3 upstream of the CAT gene. Clones containing inserts (which have a higher molecular weight than the parental plasmid) were selected, and the cloned DNA was further amplified in TG1 cells. The orientations of the LTR inserts were determined by restriction enzyme digestion, and the U3 region of BLV LTR in the constructs was sequenced to confirm that the sequence was correct. The same method was used to construct mutant LTR-CAT plasmids after the mutations were made in plasmid pGEM-T/LTR (described below).
(v) PCR amplification. The reaction was done in 50 l of 1ϫ PCR buffer (10 mMTris-HCl [pH 8.3], 50 mM KCl, 2 mM MgCl 2 , 5 mM 2-mercaptoethanol, 0.005% gelatin) containing 10 pmol of each primer, 100 to 500 ng of template DNA, 2.5 U of Taq polymerase, and 0.2 mM each dNTP. The reaction was performed in a thermal cycler with the following cycling profile: 94°C for 1 min, 50 to 56°C for 1 min, and 72°C for 2 min for 30 cycles followed by an extension cycle at 72°C for 10 min. The PCR products were stored at Ϫ20°C until use.
(vi) Mutagenesis of cloned BLV LTR. The method of Rashtchian et al. (33) was modified to create mutations or deletions in the cloned BLV LTR. Vector and universal primers used for mutagenesis are listed in Table 1 . In addition, one pair of mutagenic primers was synthesized for each mutant to introduce a small deletion or base substitution. Mutagenic primers are not included in Table 1 , but the mutations introduced are summarized in Table 2 . Each mutagenic primer was 20 bases long and corresponded to the wild-type LTR sequence except for the introduced mutation approximately in the center of the sequence. Three PCRs were run separately with three pairs of primers: vector primers were used to amplify most of the pGEMT vector DNA (bp 1000 to 3000), universal primer 1 coupled with a mutagenic primer 1, and universal primer 2 with a mutagenic primer 2 were used to amplify part of the plasmid and part of the cloned LTR. Three PCRs amplified the complete sequence of the vector containing the cloned LTR. Since the universal primers overlapped the vector primers, since mutagenic primer 1 overlapped mutagenic primer 2, and since the thymidines in the overlapping region were replaced by uridines, amplification of the template plasmid by PCR resulted in the incorporation of the primers and the desired mutation into the PCR products. Excision of the deoxyuracil residues in the PCR products by uracil deoxynucleotide glycosylase (UDG) destabilized base pairing at the ends of DNA molecules and thus generated 3Ј protruding ends. Due to the overlapping nature of the primers, the resulting 3Ј protruding ends were complementary and could anneal after treatment with UDG.
After the PCRs, 5-to 10-l volumes of each of the three PCR products were combined and 1 U of UDG was added to the mixture, which was then incubated at 37°C for 30 min, heated at 98°C for 15 min to cleave the abasic nucleotides, and reincubated at 37°C for 30 min (annealing). The UDG-treated PCR products were then ethanol precipitated and dissolved in 5 to 10 l of water. A 2-l volume of this DNA solution was used to transform competent TG1 cells. The template DNA was treated so that no intact circular plasmid DNA was left; i.e., no transforming colony could be found after transforming the cells by using the PCR products without UDG treatment. Only the mutant plasmid DNA formed by annealing of the UDG-treated PCR DNA could transform the bacteria. For reactions with universal and mutagenic primers, the plasmid was linearized with SspI, which cuts the vector three times at positions 2199, 2384, and 2408. For reaction with the vector primer, the template was treated with SacI and SacII, which cut the vector at bp 94 and 46, respectively. Miniprep plasmid DNA was prepared from the transformed colonies, and sequencing analysis was done to screen the mutants containing the desired sequence changes. Gene-specific primers used for in vivo footprinting Primer set A (noncoding strand)
Primer set B (coding strand)
Primer set C (coding strand) C1 (bp 97 to 74) 5Ј-TACCTGACCGCTGCCGGATAGCCG-3Ј C2
(bp 84 to 60) 5Ј-CCGGATAGCCGACCAGAAGGTCTCG-3Ј C3
(bp 60 to 34) 5Ј-GGGAGCAAGAGAGCTCAGGACCGA-3Ј
Primers used for mutagenesis Vector primers
Primers for CAT plasmid constructs 1 LTR 5Ј primer 5Ј-TGTATGAAAGATCATGCCGAC-3Ј 2 LTR 3Ј primer 5Ј-ATTGTTTGCCGGTCTCTCCT-3Ј
petri dish and cultured for 24 h, and then the cells were transfected with plasmid DNA by using Lipofectamine (GIBCO) as specified by protocol provided by the manufacturer. Serum-free DMEM was the transfection medium, and 6 l of Lipofectamine was used. Cells were incubated with the DNA-Lipofectamine mixture for 20 h before DMEM with FBS was added to a final concentration of 10% FBS. The cells (ϳ10 6 /dish) were harvested for CAT assay 48 h after the transfection was started. To detect basal promoter function, 1 g of LTR-CAT plasmid DNA was used for each 35-mm dish. To detect promoter function in response to p34Tax, 0.5 g of each LTR CAT DNA and 0.5 g of pSG-tax plasmid DNA (a kind gift from Luc Willems), which contains the BLV tax gene under the control of the simian virus 40 early promoter, were used for each 35-mm plate.
CAT ELISA. The promoter function of the BLV LTR was measured as the amount of CAT protein produced by the transfected cells. CAT was detected by an enzyme-linked immunosorbent assay (ELISA) with the CAT ELISA kit (Boehringer-Mannheim, Indianapolis, Ind.) as specified by the manufacturer. Briefly, 48 h after transfection, cells were lysed with 0.5 to 1 ml of kit lysis buffer. Cell lysates were pelleted, and 50 to 100 l of the supernatant was used for the ELISA. The absorbance readings were translated into CAT protein concentrations from a standard curve established simultaneously in each ELISA experiment, and the amount of CAT protein in each sample was adjusted according to the concentration of total proteins in the cell lysate. The protein concentration was measured with the bicinchoninic protein assay system as specified by the manufacturer (Pierce, Rockford, Ill.).
EMSA. Oligonucleotides representing wild-type or mutated protein binding sites were used as probes (Table 1) . Double-stranded oligonucleotides were obtained by mixing the complementary strands in a 1:1 ratio, heating to 80°C for 5 min, and cooling at room temperature for 1 h to anneal; they were stored at 4°C. For each electrophoretic mobility shift assay (EMSA) experiment, 1 pmol of each oligonucleotide was 5Ј-end labeled with [␥-32 P]ATP (Amersham) and gel purified (36) . Nuclear protein extracts were prepared from Bat 2 Cl 6 and Tb 1 Lu cells essentially as described by Adam et al. (1) . Extracts were stored at Ϫ70°C until use.
A 1-l volume of cell extract (Ϸ2 g of total protein) was mixed with 1 g of sheared calf thymus DNA and 5 l of 32 P-labeled oligonucleotide probe (10 fmol; 30,000 cpm) in 13 l of binding buffer (40 mM NaCl, 20 mM Tris-HCl [pH 7.5], 4 mM DTT, 1 mM EDTA, 0.002% Triton X-100, 750 g of bovine serum albumin per ml, 10% glycerol). The mixture was incubated for 1 h at room temperature and then separated on a 5% polyacrylamide gel (10 V/cm) in 90 mM Tris-borate buffer with 2 mM EDTA. The gels were dried and subjected to autoradiography at Ϫ70°C with intensifying screens.
Statistical analysis. For CAT assays, differences between the various mutants and the wild type were analyzed by the Dunnett t test. This is a multiplecomparison method which uses a pooled standard deviation and allows a comparison of multiple values to a single control. The minimum significance level was P Ͻ 0.05 (two-sided test).
RESULTS
In vivo footprinting reveals multiple protein-binding sites in the U3 region of BLV. Figure 2 shows the DMS methylation patterns of both the noncoding strand (lanes 1 and 2, primer set A) and the coding strand (lanes 3 and 4, primer sets B and C) of the U3 region of BLV. At three CRE sites, two AP4 sites, the TATA box, and the putative GRE site, the guanidines were protected from DMS methylation on at least one strand, suggesting that these areas are protein binding sites. In the NF-B site (bp Ϫ70 to Ϫ118), which contains a CAT box in the middle, the guanidines were protected at several sites on both strands, but one hypersensitive sites (bp Ϫ106 to Ϫ107) was found on the noncoding strand. This suggests that the NF-B site is bound by multiple proteins or a large protein complex. In addition, protein contacts were found in sequences on both sides of the DR1/DR2 region, in the core promoter region (bp Ϫ40 to ϩ1), and in the R region shown on this gel (from RNA start site to bp ϩ30) and showed decreased sensitivity to DMS for most of the residues, with a few hypersensitive ones.
Site-directed mutagenesis, EMSA (gel shift), and transient gene transfection studies were used to further evaluate the in vivo protein binding sites. The sequences of 13 protein binding sites and 1 site with no detectable protein contacts were mutated by site-specific mutagenesis, resulting in a total of 25 mutants ( Table 2) . Sequences of these mutants were confirmed by sequencing both before and after subcloning into pBLCAT3 plasmid (data not shown). The promoter function of these mutant LTRs was determined by a CAT ELISA after the plasmid DNA was transfected into Tb 1 Lu cells (a cell line identical to Bat 2 Cl 6 , except that it is not infected with BLV). The basal promoter activity of the wild-type and mutant LTRs (in the absence of p34Tax) was detected by transfecting Tb 1 Lu cells only with the LTR-CAT plasmid. To determine the function of the wild-type or a mutant LTR in response to p34Tax, we cotransfected the LTR-CAT plasmid DNA into Tb 1 Lu cells with plasmid pSGtax, which contains the BLV tax gene driven by the simian virus 40 early promoter. 
Wild type TATCC added
Wild type T added a Abbreviations: a, addition; d, deletion; s, substitution; AP4, activating protein 4.
b Positions of sequence changes are indicated by the numbers which represent the distance (in base pairs) relative to the RNA start site (ϩ1).
Mutations in protein binding sites decrease or abolish protein binding. Three of the protein binding sites detected by in vivo footprinting were further tested for protein binding by EMSAs. Figure 3 shows that wild-type sequences corresponding to CRE2 and site Ϫ142 to Ϫ143 bound to nuclear proteins from BLV-producing Bat 2 Cl 6 cells but not from BLV-negative Tb 1 Lu cells. In vitro protein binding at CRE2 was abolished by a 3-bp deletion; protein binding at site Ϫ142 to Ϫ143 was diminished by a 2-bp substitution. As reported in a separate communication, the putative GRE site demonstrated binding to purified glucocorticoid receptor protein, and this binding was abrogated by each of six different types of mutations (45a).
Basal LTR promoter activity (in the absence of p34Tax) is abolished by any mutation at any of the protein binding sites. In the absence of p34Tax, all mutants except the negative control mutant (s-167) showed three-to sixfold lower activity than the wild-type LTR (Fig. 4A) ; the difference was statistically significant by the Dunnett t test. The negative-control sequence was from a site where no footprints were found; this mutant (s-167) was the only one to show a similar function to the wild-type LTR in both the absence and presence of p34Tax ( Fig. 4A and B) .
The LTR promoter activity of mutants in the presence of p34Tax is decreased, increased, or unchanged depending on the location of the mutated protein binding site. (i) Mutants with activity similar to the wild type. In addition to the negative control (s-167), six mutants showed activity similar to the wild-type LTR. These six involved deletions or mutations in the DR1 region (s-AP4-1 and s-140), the DR3 region (d-CRE3, s-CRE3, and d-CRE3/aGRE), or both (d-CRE1/3) (Fig. 4B) .
(ii) Mutants with decreased promoter activity. Seven mutants showed only 0 to 20% of the wild-type LTR promoter activity. Two of these mutants involved a mutation or deletion of a single protein binding site in the DR1 region (s-142-3 and d-CRE1) (Fig. 4B) . The other five mutants all had deletions or mutations in two or all the CREs with or without mutations in the GRE region.
(iii) Mutants with increased promoter activity. Eleven of the mutants had significantly stronger responsiveness to Tax than did the wild-type LTR ( 32 P]ATP and used as probes. Nuclear protein extracts were prepared from Bat 2 Cl 6 (BLV-producing cell line) and Tb 1 Lu (BLV-free parental cell line of Bat 2 Cl 6 ). Labeled probes were incubated with nuclear extracts in the presence (ϩ) or absence (Ϫ) of unlabeled probe (100 times the concentration of the labeled probe) and separated on a 5% nondenaturing polyacrylamide gel. Protein-bound and free probes are indicated by the arrowheads. Tb 1 Lu cell extracts were used for lanes 1, 4, 7, and 10 and Bat 2 Cl 6 cell extracts were used for the remaining lanes. the DR2, GRE, CAT box, and its flanking sequences (NF-B site). Deletion in both CRE1 and CRE2 (d-CRE1/2) resulted in significantly higher CAT activity than that of the wild type. A 3-nucleotide deletion in CRE2 (Fig. 4B, d-CRE2 ) increased the promoter function threefold, and the mutant with both a deletion and a GRE mutation (d-CRE2/s-GRE) showed a further increase in promoter activity.
Of these 11 mutants, 3 contained only a single mutation (Table 2 ) (s-AP4-2, s-116, and s-99). It is interesting that a single-base-pair mutation in AP4-1 ( Table 2 , s-AP4-1) did not change the promoter function significantly but the same mutation in AP4-2 (s-AP4-2) gave rise to the strongest promoter function of all mutants, 14 times that of the wild-type LTR. Point mutations at Ϫ116, (s-116), Ϫ107 to Ϫ108 (s-107,8), Ϫ99 (s-99), and Ϫ83 to Ϫ84 (s-83,4) increased promoter function three-to fivefold, respectively (Fig. 4B) . The TATA box (Ϫ43 to Ϫ36) was mutated so that it contained an AT-to-TA change at the beginning and a T addition at the 3Ј end (Table 2 ). This dramatically increased the CAT activity (Ϸ 12-fold).
The effect of mutations on LTR promoter activity varies in different cell types. To examine the role of the host cell in the function of BLV cis-acting elements, we determined the CAT activity of 11 LTR mutants in five other cell lines besides Raji, a human B-lymphocyte cell line; FLK, a BLV-producing fibroblast cell line from fetal lamb kidney; GR, a mouse mammary epithelial cell line; and MCF-7, a human mammary epithelial cell line. These cell lines were chosen because they originated from different cell types and species and also because they are convenient for transfection studies. The constructs used were the ones that contained a mutation or deletion at only one protein binding site, so that the functions of individual protein-binding sites could be analyzed. The effects of mutations on promoter function are shown as increased or decreased CAT activity of the mutants relative to the wild-type LTR. The CAT activity of the LTR mutants in the six different cell lines is shown in Fig. 5 . Three types of responses of the mutants to p34Tax were found: (i) mutations at CRE1 and CRE3 are the only ones that showed decreased CAT activity in all the cell lines (some decreases were not statistically significant); (ii) the CAT activity of some mutants was similar to that of the wild-type LTR in some cell lines but increased or decreased in other cell lines; and (iii) FLK and Tb 1 Lu were the only cell lines to show any increased activity with mutations at any site.
The BLV U3 region of BLV can be largely divided into four functional units. Figure 6 summarizes the data from in vivo footprinting of the BLV U3 region in the virus-producing Bat 2 Cl 6 cells and the CAT assays to detect promoter function of the mutants in Tb 1 Lu cells. According to CAT activities of mutant LTRs, the U3 region was shown to contain four functional units: a core promoter region, from the RNA start site to the 5Ј of the TATA box; a dual regulatory region, from the 5Ј end of DR3 to the 5Ј end of AP4 (including CRE2, AP4, the NF-B site, and GRE); and two positive regulatory regions, CRE1 and DR3.
DISCUSSION
Using in vivo footprinting and EMSA, we demonstrated multiple protein binding sites in the U3 region of the BLV LTR, and by site-directed mutagenesis and transient gene transfection studies, we found that protein-DNA interactions at these sites are important for the transactivation of the BLV LTR. In the absence of p34Tax (Fig. 4A) , all except one of the mutants showed lower CAT activity than the wild-type LTR, indicating that basal promoter activity of the BLV LTR requires an intact U3 region in which none of the protein binding elements are dispensable. The only mutant (s-167) that showed basal CAT activity similar to the wild-type LTR was the one at a position where no footprints were found (Fig. 2) . It was used as a negative control. These results suggest that binding of cellular proteins to viral cis-acting elements is necessary for the basal-level promoter function of the LTR and may explain how BLV transcription is launched in the initial absence of p34Tax.
In the presence of p34Tax, however, the promoter function of the mutants varied with each mutated protein binding site and with the cell type used. Footprints were obvious at three CRE-like cis-acting elements shown by others to be recognized by cellular proteins in EMSAs (1, 44) . Partial deletion of the core sequences of CRE1 and CRE3 reduced the CAT activity in all cell lines tested (Fig. 5) , suggesting that these elements may be the binding sites for ubiquitous positive regulatory proteins. Since CRE3 is immediately upstream of the TATA box, the transcription factor specific for this element may help stabilize the binding of the TATA factor (TFIID) to the TATA box. Hirano and Wong (20) demonstrated that such interaction is possible and that proteins binding to the promoter containing the TATA box and the upstream enhancer elements are cooperative in their function. This may explain why a deletion in CRE3 had a greater effect than the one in CRE1. The cooperative effects of the three CREs on the promoter function of BLV LTR were studied in the Tb 1 Lu line. Various mutants were made to contain a deletion of 3 to 5 bp in one, two, or all three of the CRE core sequences. Our findings that CRE2 alone (when both CRE1 and CRE3 were partially deleted) was able to maintain some normal function and that the CRE2 sequence was able to be bound by proteins in vitro (Fig.  3) are consistent with the results of previous studies by Katoh et al. (23) , who reported that a synthetic promoter containing only CRE2 was responsive to BLV p34Tax. We found that CRE1 had no function in the absence of intact downstream CREs, although it may function as an upstream enhancer in p34Tax-mediated transactivation of the BLV LTR (9) . In our study, the mutant containing CRE3 alone (both CRE1 and CRE2 were partially deleted) had significantly increased function. In contrast, Derse (9) found that CRE3 was almost nonfunctional in the absence of the upstream cis-acting elements. In his study, large deletions created by restriction enzymes, rather than small deletions made by site-directed mutagenesis, were used and all the sequences upstream of CRE3 were deleted. These technical differences may explain the discrepant results. Truncation of the upstream sequence may affect protein binding at downstream cis-acting elements close to the core promoter. Parekh and Hatfield (30) reported that proteins binding to an upstream activating sequence can activate transcription from a downstream promoter by DNA bending.
We found footprints at two AP4 sites shown by others to be recognized by proteins in gel shift assays (42) and in in vitro (DNase I) footprinting assays (6). Like Unk et al. (42), we found that transcription factor AP4 may be involved in the transactivation of BLV LTR, but according to our data, the effect may vary with the cell line and is affected by sequences flanking the E-box, since the same point mutation in AP4-1 and AP4-2 affected the function of the LTR differently in different cell lines. Since the AP4 sites overlap those of the CREs, binding of AP4 to its consensus sequence may also be affected by other regulatory proteins such as CREBs. AP4 may either enhance or suppress the function of the LTR depending on which of the two sites it binds.
Mutations in the NF-B site ( Fig. 6 ; Table 2 , s-83, 4, s-99, and s-116) also showed opposite effects in different cell types. Our finding are consistent with previous reports that the NF-B site is a dual-function element. In addition to functioning as a transcriptional enhancer element for a variety of genes (reviewed in reference 6), it can exert a negative effect on some cellular genes (13) (14) (15) . The negative effect of the NF-B site can also result from binding of other repressors that compete with NF-B for the DNA sequence (15) .
It is surprising that mutation of the TATA box also had different effects in different cell lines. Possible explanations come from previous observations that the function of the transcription initiation complex is affected by the upstream enhancer binding transcription factors (17, 20, 22) . Grayson et al. (17) also showed that subtle sequence changes in the TATA box affected the tissue-specific function of the myoglobin gene promoter. It is likewise possible that the presence or absence of tissue-specific transcriptional factors determines whether the BLV TATA box is functional.
Our data indicated that novel cis-acting elements other than CREs, AP4 and NF-B sites may play a role in the BLV LTR The locations of sequence changes in 15 mutants are indicated by asterisks (14 of the sites had altered in vivo footprints; no footprints were detected at bp Ϫ167). Mapping of the U3 region was based on the promoter activity of the mutants. Mutants with increased promoter activity were used to define an NRE, and the ones with decreased activity were used to define a PRE. The core promoter region was defined as reported in the literature (6, 9, 10) . Regulatory regions were defined according to the reactions represented in Fig. 4B . Elements within the dually functional region function as NREs in some cell lines and as PREs in other cell lines.
transactivation. One such element, as yet unnamed, is presumably located at the 3Ј end of DR1, since a 2-base mutation at Ϫ142 and Ϫ143 significantly reduced the promoter activity of the LTR (Fig. 4B, s-142,3 , P Ͻ 0.005) and greatly reduced protein binding in the gel shift assay (Fig. 3) . Another such element is the GRE-like sequence just upstream of the CRE3, which we have previously shown to be a key element in the responsiveness of BLV to glucocorticoids such as dexamethasone (29, 45a) .
Both positive and negative regulation may be involved in the transcriptional activation of the BLV LTR. If a deletion or mutation results in decreased activity, it indicates that the cis-acting element is necessary for promoter activation and therefore is a PRE. On the other hand, if a deletion or mutation leads to increased promoter function, it suggests that this sequence is an NRE normally bound by a protein which suppresses the transcription activation of the LTR. In the presence of p34Tax, two AP4 sites, the second 21-bp repeat (DR2), the NF-B site, and the GRE function as either PREs or NREs. However, in the absence of p34Tax, all sites function as PREs. There are at least two possible explanations for this: (i) some cellular proteins may function as transcription factors to maintain low-level transcriptional activity in the absence of p34Tax, but they can function as repressors in the presence of p34Tax to prevent overactivation of the LTR; and (ii) p34Tax may activate its own promoter both by recruiting critical transcription factors and by releasing transcription repressors. In the absence of p34Tax, no such transcription factors are available for transcription activation and the LTR cannot be activated even in the absence of repressors. Therefore deletion or mutation of a repressor sequence does not increase the promoter activity of the LTR in the absence of p34Tax.
cis-acting elements in the U3 region of proviruses are the major determinants for retrovirus tissue tropism at the replication level (8) , although sequences outside the LTR may also affect the tissue tropism of some retroviruses (45) . Our results suggest that BLV transcription varies in different cell types and raise the possibility that host regulatory factors play an important role. This is particularly intriguing, since the tissue tropism of BLV in vivo is now known to extend beyond bovine B lymphocytes to mammary epithelial cells (7) and possibly to T lymphocytes (2, 28) and endothelial cells (34) . Tissue-specific and/or differentiation-specific proteins may be required for the activation of BLV transcription, as is the case for the human papillomaviruses (39) . This is supported by previous observations that BLV expression (virus particles, RNA, or viral proteins) was not detected in freshly isolated peripheral blood lymphocytes of animals infected with the virus or in BLVpositive tumor cells, but these cells were able to produce virus after 24 to 48 h in culture (reviewed in reference 24). Virus production was further increased with mitogens such as concanavalin A, lipopolysaccharide, and pokeweed mitogen (3, 11, 41) . In vivo, positive lymphocytes were detected only in lymph nodes, where B cells would be undergoing differentiation to plasma cells (19) .
Expression of BLV appears to be regulated by soluble host factors (41, 48, 49) . Zandomeni et al. reported that both stimulatory and inhibitory factors are present in plasma and lymphatic fluid of infected cows. After removal of the stimulatory factor, the inhibitory activity can consistently be detected. Although these investigators identified the host inhibitory factor as a molecule that binds to immunoglobulin G, the nature of the inhibitory factor is still unclear and even less is known about the molecular mechanisms involved in this phenomenon. It is possible that NREs in the U3 region of the BLV LTR are the target for this host inhibitory factor, which may be responsible for BLV latency. A possible advantage of an NRE is to keep BLV expression at a low level in vivo and hence to reduce the host immune response to the virus.
In this research, we have for the first time delineated in vivo protein-DNA interactions in the entire U3 region of BLV and systematically analyzed the interaction sites by site-directed mutagenesis. Similar work has not been reported for any member of the HTLV/BLV group of retroviruses. Based on our data, we propose that the U3 region of BLV LTR consists of four functional units (Fig. 6) : the core promoter region; two positive regulatory elements (the 5Ј region of the U3 region containing the DR1 and part of DR3 containing CRE3), and a dually functional region containing the cis-acting elements CRE2, AP4-2, and the NF-B site. Although site-directed mutagenesis was not performed in the first 60 nucleotides of the U3 5Ј region, previous studies by Derse showed that this region is an enhancer element. Further experiments testing the expression pattern of recombinant viruses containing mutations in these regions in different cell types are necessary to determine if this dually functional region is responsible for the latent status of BLV in vivo in infected peripheral B lymphocytes and tumor cells.
